Paired Ig-like type 2 receptor α (PILRα) recognizes a wide range of O-glycosylated mucin and related proteins to regulate broad immune responses. However, the molecular characteristics of these recognitions are largely unknown. Here we show that sialylated O-linked sugar T antigen (sTn) and its attached peptide region are both required for ligand recognition by PILRα. Furthermore, we determined the crystal structures of PILRα and its complex with an sTn and its attached peptide region. The structures show that PILRα exhibits large conformational change to recognize simultaneously both the sTn O-glycan and the compact peptide structure constrained by proline residues. Binding and functional assays support this binding mode. These findings provide significant insight into the binding motif and molecular mechanism (which is distinct from sugar-recognition receptors) by which O-glycosylated mucin proteins with sTn modifications are recognized in the immune system as well as during viral entry.
M ucin-type O-glycosylation is highly important in physiological events, but it is too complicated to be fully understood because the structures of modified O-linked sugars are basically heterogeneous and are extremely difficult to predict. However, this complexity is beneficial in discriminating cellular conditions. To date, a number of molecules have been shown to recognize O-glycans, which are important in many biological events, including tumorigenesis and immune evasion (1) , as well as infectious diseases. Selectins recognize the O-glycan parts of mucin-type glycoproteins on target cell surfaces to regulate the rolling and attachment of lymphocytes in inflammation and in cancer metastasis. However, how O-glycosylated proteins are recognized by specific receptors has remained largely unclear.
To regulate function, the immune system has a fine-tuning mechanism using paired receptors families in which members show opposite (activating and inhibitory) signaling even though their cognate ligand recognitions are essentially similar. It is believed that activating members exhibit lower affinity to ligands than inhibitory members, possibly preventing undesired overactivation of immune responses (2) (3) (4) [e.g., killer cell Ig-like receptors, CD94/NKG2 heterodimers, leukocyte Ig-like receptors, and CD28/CTLA-4 (5)]. Paired Ig-like type 2 receptor (PILR) is a member of a paired receptor family comprising activating and inhibitory members designated "PILRβ" and "PILRα," respectively. PILRs have one Ig-like domain in the extracellular region, which is responsible for the ligand recognition. Our previous reports showed that PILRs recognize the O-glycosylated mucin proteins, mouse CD99 (6) , and PILR-associating neural protein (PANP) (7) . A recent study identified two O-glycosylated ligands for PILRs, neuronal differentiation and proliferation factor-1 (NPDC1) and collectin-12 (COLEC12), expanding the PILRrecognizing O-glycosylated ligand family (8) . All PILR ligands are mucin or have mucin-like domains in which the heavy O-glycosylation occurs and which are significantly important for a wide range of cell-cell interactions. Furthermore, PILRs show unique features for recognizing not only O-linked sugars but also the peptide sequences attached to the sugars.
PILRs are expressed broadly on immune-related cells, including monocytes/macrophages, dendritic cells, B cells, natural killer (NK) cells, and neutrophils, as well as on neurons (6) . A recent study showed that PILRs are important for the control of acute Streptococcus aureus infection in the lung in vivo (9) . Moreover, we recently demonstrated that in Pilra-deficient mice neutrophil infiltration was increased at the LPS-induced inflammatory sites by increased adhesion to the β 2 integrin and that these mice were highly susceptible to endotoxin shock (10) . These findings indicate that PILRα is relevant for the regulation of neutrophil recruitment in inflammatory responses, clearly demonstrating the importance of PILRα in innate immune responses. Mouse
Significance
Here we show that both sialylated O-linked sugar T antigen (sTn) and its attached peptide are required for recognition of paired immunoglobulin-like type 2 receptor α (PILRα) by O-glycosylated mucin and related proteins. The crystal structure of PILRα complexed with the O-glycosylated peptide reasonably explains this simultaneous recognition of both the sTn O-glycan and the compact peptide structure, distinct from other sugar-recognition receptors. The structure provides a novel framework for the receptor-binding mode of O-glycosylated mucin proteins, which are relevant in immune responses and viral infection.
CD99 is broadly expressed on myeloid lineage cells, and it is believed that PILR recognition of CD99 regulates the immune response. Interestingly, activating PILRβ exhibits lower affinity for CD99 than inhibitory PILRα (11), likely to prevent overactivation of immune responses as suggested above. Similarly to CD99, COLEC12 is expressed on monocytes and vascular endothelial cells, likely involving the immune system. PILRs also bind to PANP and NPDC1, both of which are expressed on neural tissues, enabling PILR-expressing cells either to stimulate or to inhibit their function; this binding indicates that PILRs have a role in neural tissues.
On the other hand, paired receptor families often are targets for recognition by microorganism proteins or products that contribute to infection or to the suppression of the immune system (4), e.g., Ly49H for m157 of murine CMV (12), LILRB1 for human CMV UL18 (13), unknown ligands of Staphylococcus aureus (14) , and KIR3DL2 for CpG DNA of bacteria (15) , among others. We recently found that human PILRα is an entry receptor for an essential unit, glycoprotein B (gB) of HSV-1 (16, 17) . Human PILRα is an inhibitory receptor, and thus its binding to HSV-1 gB could induce immune suppression and subsequently promote HSV-1 immune evasion, even though gB cannot bind to PILRβ at a level that is detectable in infection assays (17) .
PILRs can bind to above-mentioned O-glycosylated proteins, expanding PILR ligand family members. In recognizing O-glycan, PILR exhibits three unique characteristics: (i) the requirement for sialylation; (ii) core-1 structure specificity; and (iii) dependency on the peptide sequence attached to O-glycan (8, 18 ). Here we report that human PILRα recognizes both the sialylated O-linked sugar T antigen (sTn) and its attached peptide region (representatively selected from HSV-1 gB). Furthermore, we show that the O-glycosylated sTn peptide can be used to inhibit PILRα-mediated immune regulation and HSV-1 fusion. Furthermore, we have determined the crystal structures of both the free and complex (attached to the sTn peptide) forms of PILRα. The structures clearly reveal a previously unidentified mode of sugar-peptide-protein interaction that is dependent on both the O-linked sugar and, uniquely, on the peptide, thus simultaneously recognizing both the O-liked sugar and its attached peptide. Taken together, these results provide functional and structural insights on recognition modes to O-glycosylated mucin family including sTn modifications (well-known cancer targets), which are important in immune system as well as HSV-1 entry mechanism.
Results
sTn O-Glycosylated Peptide Is an Essential Unit for PILRα Recognition.
Our and other previous reports found that the O-linked sugar modifications on the ligand proteins are essential for PILRα recognition (6) (7) (8) 17 ). Here we examine the molecular mechanism of such recognition. First, we used the sugar array system of the Consortium for Functional Glycomics (CFG) to clarify the precise structure of the sugar ligand necessary for PILRα binding and clearly showed that sugars in general do not exhibit a positive response (www.functionalglycomics.org/glycomics/HServlet? operation=view&sideMenu=no&psId=primscreen_2977). In the present study, we selected HSV-1 gB as a representative ligand of PILRα. We performed a competition assay in which PILRα was allowed to bind to gB-expressing HEK293 cells in the presence of a set of sugar compounds. Fig. 1A shows that the core 1 O-linked sugar moiety, sTn-T (a sialyl T antigen, Neu5Acα2-6GalNAcα-O-Thr), and its derivative, 6′STF [Galβ1-3(Neu5Acα2-6)GalNAcα-O-Thr] competed slightly with PILRα binding, indicating that sTn is involved in PILRα binding (the galactose extension does not contribute to the binding). Sun et al. (8) also showed that only a very high concentration (125 mM) of 6′-sialyllactose containing sialic acid in α2-6 linkage could inhibit the PILRα-hNPDC1 interaction, but 3′-sialyllactose containing sialic acid in α2-3 linkage did not. These findings suggest that the PILRα binds to a complex structure involving both sTn and peptides. The N-terminal region of gB including O-glycosylated Thr53, which is essential for PILRα binding, is rich in glycines, prolines, and serines and thus is a flexible domain [as indicated by this region's not being visible in the crystal structure (19) ]. Furthermore, the O-linked sugar modifications generally occur on flexible regions, e.g., of mucins and related molecules. Thus, we designed and attached a sialylated O-linked sugar to a specific gB peptide (residues 50-56), NH 2 -Gly (Fig. 1B) . sTn-T(GPA)PAP competed with PILRα binding to gB-expressing HEK293 cells much more significantly than did either sTn-T or 6′STF (Fig. 1A ) and inhibited HSV-1 infection of CHO cells expressing PILRα, whereas the GPATPAP peptide did not inhibit infection (Fig. 1C ). This glycopeptide also inhibited PILRα binding to gB in an in vitro assay using surface plasmon resonance (SPR) (Fig. 1D) . Therefore, the sTn-T(GPA)PAP glycopeptide represents the essential unit required for PILRα recognition, indicating that PILRα has the unique ability to see the molecular features of both the O-linked sugar and the surrounding peptide.
Structures of PILRα and Its Complex with sTn-Modified Peptide. To understand the structural elements that are involved in the PILRα interaction with the sTn O-glycosylated peptide, we successfully produced and crystallized the free human PILRα protein comprising one Ig-like domain (residues 13−131) (20) (Fig. S1A) . We could determine the crystal structure of free PILRα at 1.3-Å resolution by using the single anomalous dispersion (SAD) method of iodide derivate crystals ( Fig. 2A ; see also Table S1 and Fig. S2 ). The PILRα ectodomain harbored a V-set Ig-like β-sandwich fold ( Fig. 2A) . A search of the DALI database identified sialic acid-binding Ig-like lectin (Siglec)-1/sialoadhesin (21) as the structure closest to PILRα (rmsd = 1.6 Å for 97 Cα atoms; Protein Data Bank ID: 1URL). The structure and topology of PILRα were similar to structures reported for members of the Siglec family (Siglec-1, -5, and -7) (21-23), which consists of 14 Siglecs in human, even though the sequence similarity among them is very low (about 22%).
Next, we successfully crystallized and determined the structure of PILRα complexed with sTn-T(GPA)PAP (Figs. 2 B and C and 3, Figs. S3 and S4, and Table S1 ). The overall structure of the complex was similar to the free form (Fig. 3A) , and the composite omit map of electron densities for the sTn peptide was clearly identified (Fig. 2D) . However, PILRα unexpectedly underwent large structural rearrangements to bind both the sugar moiety and amino acids simultaneously within this sTn-O-glycosylated peptide ( Fig. 3 and Fig. S4A ). The buried surface upon the complex formation was 1,940 Å 2 , indicating a relatively large binding interface despite the low molecular weight of the compound. The O-glycosylated peptide was positioned on the AGF sheet as well as at the CC′ loop (Fig. 2C) . The N-terminal peptide region (GPA) was not largely involved in this interaction, but the C-terminal site (PAP) wrapped around the CC′ loop, and Pro +2 had an essential role in this interaction (Figs. 3B and 4 ). This conformation is consistent with the observation that the amino acid sequences of C-terminal residues (sTn-TPxP or sTn-TPxxP) are conserved among the determined or predicted recognition sites of PILRα ligands ( Table 1) . sialylated O-glycosylated peptide was sufficient for the binding, as described above. The carboxyl group of the sialic acid (Neu5Ac) residue interacted directly with Arg126 (Figs. 3 B-D and 4A, Fig.  S4C , and Table S2 ). This interaction resembled the sialic acid recognition of a conserved arginine, called "essential R," of the Siglec family (21) (22) (23) , even though these proteins have low amino acid sequence conservation. On the other hand, there is a hydrogen-bonding network among Neu5Ac and Tyr33, Gln138, and Gln140 (Figs. 3 C and D and 4A and Table S2 ). Within the site that binds to the hydrophobic face of the ring and the glycerol portion of the Neu5Ac residue, the aromatic rings of Tyr33 and Trp139 were largely flipped (Fig. 3D ). An Arg126Ala or Trp139Ala mutation significantly reduced binding (Fig. 4C and Table S3 ) and infection ( Fig. 4D and Fig. S5 ). Sun et al. (8) also showed that the Arg126Ala mutant failed to interact with hNPDC1, mCD99, hCOLEC12, and HSV-1 gB. Furthermore, Trp139Leu mutation significantly impaired cell-fusion activity for HSV-1 and binding to gB (25) . PILRα has Leu139 and does not act as a HSV-1 gB receptor. Taken together, these interactions with the Neu5Ac residue, distinct from Siglec family members (Fig. S4B) , contribute significantly to the overall binding affinity.
Recognition of the Peptide Region. Unexpectedly, the complex formation resulted in remarkable structural rearrangements within a wide area of the sTn peptide-binding interface. The CC′ loop as well as the continuous C′ strand (residues 74−80) in PILRα were largely changed as the result of direct interactions with both the GalNAc residue and the C-terminal P +2 A +3 P +4 peptide region (Figs. 3 B-D and 4A) , whereas the conformation of the CC′ loop in the free form seemed to be somewhat stabilized by crystal packing. The GalNAc residue alone made a hydrophobic interaction with the aromatic ring of His77 in this CC′ loop (Fig. S4C) , as is typical in protein-sugar interactions (26, 27) .
Although the N-terminal side of the sTn peptide interacted with PILRα only minimally [only the pyrolidine ring of Pro −2 (sTn) is located close to Met31 and Ile142], the bound C-terminal region of the main-chain structure had a compact configuration. Phe76 and His77 had van der Waals contacts with the hydrophobic pyrolidine rings of two proline residues in the C-terminal part of the sTn peptide (Figs. 3B and 4A, Fig. S4C , and Table S2 ). His77 also formed a hydrogen bond with the carboxyl group of Pro +2 within the peptide, supporting the kinked main-chain orientation in the P +2 A +3 P +4 region. Furthermore, the connection between the sTn sugar moiety and the peptide region also was kinked to form the compact structure. This kinking was underpinned by (i) a hydrophobic contact between the aromatic ring of Phe76 and the hydrophobic faces of Thr +1 and Pro +2 (sTn) and (ii) interactions between the N atom of the N-acetyl group of the GalNAc residue and two backbone carboxyl groups of Thr +1 and Pro +2 in the peptide. Notably, one of the latter interactions, GalNAc(N)-Thr +1 (O), also was observed in the preferential state of the GalNAc-O-glycosylated IgA hinge peptide by NMR (28) and further facilitated the trans configuration of the adjacent proline residue corresponding to Pro +2 of the sTn peptide (Fig. S4C) . Therefore, PILRα selectively captures the major conformation of the free form of the sTn peptide. A PILRα mutant harboring Phe76Ala or His77Ala mutations completely lost the ability to bind to gB (Fig. 4C, Fig. S1C , and Table S3 ) and no longer facilitated HSV-1 infection (Fig. 4D and Fig. S5 ). These mutations had remarkable effects that were comparable to that 
HSV-1 gB (53-61) of Arg126, a determinant of sialic acid recognition, confirming that the PILRα-sTn-peptide interaction requires the recognition of both sugar and peptide as well as the proper configuration.
Discussion
Our structural analysis reveals the molecular details of the recognition not simply of O-glycan sugars but also of the O-glycosylated part of proteins. The PILRα residues that contact the sTn, representative of cancer targets, as well as the Pro-rich peptide are essential to form the characteristic compact conformation of the sTn peptide. Importantly, the ligand specificity of PILRα appeared to be determined by the amino acid sequence. The N terminus seemed to be hardly involved in the structure, but the C-terminal parts, Pro +2 and Pro +4 and/or Pro
+5
, are conserved among the known PILRα ligands (Table 1) . Further binding and structural analyses using variants of sTn O-glycosylated peptides are required to evaluate the consensus motifs, including the adjacent residues of conserved proline residues for PILRα binding. As described above, PILRα adopts a binding structure for this preferential conformation of the O-glycosylated peptide. The sequence similarity between PILRα and Siglec family members is rather low; however, their recognition of the sialic acid is similar. The distinct feature of PILRα is the large structural change of the CC′ loop upon the ligand binding; the CC′ loops of Siglec members use the additional sugar interaction instead (Fig. S4B ). This unique peptide recognition determines the preference for expanding mucin-type PILR ligands. PILR finely senses the cellular condition by checking the combination of sugar modification and peptide sequence.
Somers et al. (29) reported the crystal structure of P-selectin complexed with P-selectin glycoprotein ligand 1 (PSGL-1), a mucin-like homodimeric glycoprotein. The structure revealed that P-selectin recognizes both the sialyl Lewis x (SLe x ) attached to Thr57 and the tyrosine sulfate residues (Tyr48 and Tyr51) of PSGL-1 (29) , but the interaction is distinct from that of the PILRα-glycopeptide complex. C-type lectin-like receptor-2 (CLEC-2) similarly showed peptide-dependent binding to the sialylated O-glycosylated region of the platelet aggregation-inducing factor, the mucin-type sialoglycoprotein podoplanin, which contributes to the regulation of tumor cell-induced platelet aggregation and tumor metastasis (30, 31) . Future study of the mechanisms by which CLEC-2 recognizes sialylated O-glycopeptides might show which structures of the O-glycosylated targets are important for receptor recognition.
The number of PILR ligand members is expanding. PILRα also can bind to human peripheral blood mononuclear cells, although the ligands have not been not identified (8) . Furthermore, Pilrb-knockout mice and mice administered the agonist anti-PILRα mAb exhibited resistance to S. aureus infection, whereas the wild-type mice could not clear the infection (9) . Although PILRα/β ligands on S. aureus are not yet known, some O-linked sugarmodified peptide/proteins or related molecules might be ligands. As described above, the in vivo importance of PILR is reported in integrin-mediated inflammation and in viral and bacterial infection (10) . It is likely that unknown self and nonself ligands form a large PILR-recognizing ligand family. Future experiments involving ligand fishing and posttranslational modification (O-glycosylation) based on the peptide motif of PILR ligands revealed by the present structural data will provide further insights on a wide range of physical regulations involving PILR. In turn, the inhibitors of PILR likely can be used for the diagnosis and medical treatment of both immune-related and infectious diseases.
HSV-1 is extremely difficult to eliminate completely, and dampened immune responses can induce herpes recurrence (32) . HSV-1 evolved to select PILRα as a gB receptor, contributing to viral entry, as well as to the suppression of broad immune responses. The gB-PILRα association is important for HSV-1 to infect PILR-expressing cells, such as monocytes, directly and is required for efficient pathological infection (17, 33, 34) .
Importantly, the present data show that the N-terminal flexible site is a prerequisite for entry and that PILRα interacts with both the sialylated O-glycan and the surrounding protein structure. As described above, the sTn peptide definitely inhibited the HSV-1 entry and thus can serve an initial frame for a potential therapeutic compound. The targeting host receptor is beneficial for preventing mutation risk, unlike the targeted molecules of pathogens that can be mutated to evade immune responses. The shortterm administration of an inhibitory compound for PILRα likely will have only a small effect on the immune system, because the Pilr-knockout mice demonstrate some effect on neutrophil function but do not exhibit any harmful effects. Therefore, the present structure may contribute to the rational design of antiviral drugs.
Materials and Methods
Sample Preparation and Crystallization. Sample preparation for the Ig V-set domain in the extracellular region of human PILRα was described previously (11) . Briefly, the gene encoding the Ig V-set domain of PILRα (residues 13-131) was cloned into the plasmid vector pGMT7 (11) . For the mutagenesis studies, alanine mutations were introduced by PCR. The resulting plasmid was transformed into Escherichia coli Rosetta (DE3), and the protein was overexpressed as inclusion bodies. Then, the inclusion bodies were solubilized and refolded by a standard dilution method. The refolded PILRα was purified by gel filtration (Fig. S1 ) followed by Resource S column chromatography (GE Healthcare). The sTn-attached HSV-1 gB peptide, NH 2 -GPAT (sTn)PAP-CO 2 H, was synthesized chemically by Sussex Research.
As described previously (20) A diffraction data set was collected at 100 K, at beamline BL41XU of SPring8 (λ = 0.9 Å). To determine the experimental phases, the iodide-anion derivative crystals were made by soaking in cryoprotectant solution including 1 M KI for 30 s (20) . The 1.8-Å SAD dataset could be collected at 100 K at beamline BL17A of the Photon Factory. The diffraction data were processed and scaled using the HKL2000 program package (35) . Five iodine sites in the asymmetric unit were assigned and used for the phase calculation with the autoSHARP package (36) , resulting in the initial mean figure-of-merit of 0.574 for acentric reflections and of 0.213 for centric reflections. We improved the phases using the program DM (37). The initial model was built by ARP/wARP (38) , and refinement was done by Refmac5 (37). The final model showed an R free factor of 17.7% and an R factor of 14.4%. Detailed statistics are summarized in Table S1 .
We also prepared a solution of the complex of PILRα with the synthetic O-linked sugar-connecting peptide ligand, NH 2 -GPAT(sTn)PAP-CO 2 H. The crystals of the PILRα-sTn peptide complex belonged to the space group C222 1 with unit cell dimensions of a = 50.27 Å, b = 155.80 Å, and c = 67.31 Å and contained two complexes per asymmetric unit. The structure was phased by molecular replacement using Molrep in the CCP4 package (37) with the free PILRα structure as a search probe. The two PILRα molecules (chains A and B) were found by using reflections in the range of 50.0-2.3 Å. Further crystallographic refinement was carried out with Refmac and Crystallography and NMR System (39) alternated with manual rebuilding in the interactive graphics program COOT. The final model, which comprises two complexes, was refined to an R free factor of 29.9% and an R factor of 23.1%. Detailed crystallographic statistics are shown in Table S1 . A Ramachandran plot of backbone angles gave 94.7% and 5.3% in the most favored and additionally allowed regions, respectively. The Ramachandran plot was calculated by RAMPAGE (40) . Figures were generated using PyMOL (http://pymol. sourceforge.net).
Production of Soluble HSV-1 gB-Ig Fusion Proteins. The DNA encoding either the N-terminal (30-108) or C-terminal (429-528) region of the HSV-gB ectodomain was ligated using the pME18S expression vector containing the Fc fragment of human IgG1 at the C terminus, as described previously (16) . The vector DNA was transfected into HEK293T cells using polyethyleneimine for transient expression. The supernatants were collected 4 d after the transfection, and the Ig-fused gB was purified with a protein A affinity column. Human PILRα-Ig fusion protein was prepared as described previously (17) .
Binding Analysis Using SPR. The wild-type and alanine-scanning mutants of PILRα were dissolved in HBS-EP buffer [10 mM Hepes (pH 7.4), 150 mM NaCl, 3 mM EDTA, 0.005% Surfactant P20]. SPR experiments were performed with a Biacore 3000 system (GE Healthcare). The Ig-fused N-terminal region of gB was immobilized on the CM5 sensor chip (GE Healthcare) by amine-coupling using the standard amine coupling kit (about 3,000 response units). BSA was used as a negative control protein. All PILRα samples were injected at a flow rate of 10 μL/min. The data were analyzed using BIA evaluation version 4.1 (GE Healthcare) and ORIGIN version 7 software. Affinity constants (K d ) were derived by nonlinear curve fitting of the standard Langmuir binding isotherm.
For the competition assay, a range of concentrations of PILRα (5 μM, 2.5 μM, 1.25 μM, 0.63 μM, 0.31 μM, 0.16 μM, 0.08 μM, 0.04 μM, 0.02 μM, and 0.01 μM) mixed with the sTn peptide as indicated in the inset (Fig. 1D) was injected over the Ig-fused gB.
Binding Assays. pPEP98-gB (16) was transiently transfected into HEK293 cells. Then 48 h after transfection, cells were stained by PILRα-Ig fusion protein or by anti-HSV gB mAb (1105) (final concentration 5 μg/mL) with or without sugar compounds (final concentration 0.5 mg/mL), and the transfectants were analyzed by flow cytometry. Reagents and Antibodies. Mouse monoclonal antibody against human PILRα was prepared as described previously (16) . Mouse monoclonal antibody against gB (1105) was purchased from Goodwin Institute. The peptide GPATPAP was synthesized by GeneDesign. Neu5Aca2-6GalNAca-PAA-biotin was purchased from GlycoTech. The other carbohydrate complexes were provided by the Consortium for Functional Glycomics (www.functionalglycomics.org).
